The multicomponent single-stranded DNA plant nanoviruses encode unique master replication initiator (Rep) proteins. We have mapped the 59 and 39 termini of the corresponding polyadenylated mRNAs from faba bean necrotic yellows virus (FBNYV) and subterranean clover stunt virus and found that these are terminally redundant by up to about 160 nt. Moreover, the origin of viral DNA replication is transcribed into RNA that is capable of folding into extended secondary structures. Other nanovirus genome components, such as the FBNYV DNA encoding the protein Clink or an FBNYV DNA encoding a non-essential para-Rep protein, are not transcribed in such a unique fashion. Thus, terminally redundant mRNAs and the resulting transcription of the replication origin appear to be restricted to nanovirus master Rep DNAs. We speculate that this may be a way to regulate the expression of the essential master Rep protein.
INTRODUCTION
Members of the family Nanoviridae comprise the species Subterranean clover stunt virus (SCSV), Faba bean necrotic yellows virus (FBNYV) and Milk vetch dwarf virus (MDV) in the genus Nanovirus, and Banana bunchy top virus (BBTV) in the genus Babuvirus (Vetten et al., 2005) . The former viruses are pathogens of a wide variety of legumes in Australia (SCSV), Japan (MDV), and west Asia, north and east Africa and Spain (FBNYV), whereas BBTV only infects bananas in south Asia, the Pacific region and some African countries. The nanovirus genome consists of six to eight circular, single-stranded DNA (ssDNA) molecules of about 1 kb (Vetten et al., 2005) (Fig. 1) . In general, one nanovirus DNA encodes only one protein. Common to all nanoviruses is a unique master replication initiator protein (M-Rep), encoded by DNA-R, that catalyses replication initiation and termination of its cognate and all other genome components of the respective virus (Timchenko et al., 1999 Horser et al., 2001) . Other genome components encode a capsid protein (DNA-S) (Chu et al., 1993; Katul et al., 1997; Wanitchakorn et al., 1997) , a cellcycle link protein (Clink) (DNA-C) (Aronson et al., 2000) , a movement protein (DNA-M) and a nuclear shuttle protein (DNA-N) (Wanitchakorn et al., 2000) . Several DNAs encode proteins of as-yet-unknown function (DNA-U1, -U2, -U3 and -U4) (Vetten et al., 2005) . Also, the biological significance of a small open reading frame (ORF) embedded completely within the m-rep gene of some BBTV isolates remains obscure (Beetham et al., 1997) .
In addition to these 'integral' genome components, a considerable number of non-essential DNAs, all encoding Rep proteins, were found associated with infections by all four nanoviruses (Wu et al., 1994; Vetten et al., 2005; Hu et al., 2007) . These additional and non-essential rep genes can be considered as paralogues (para-rep) of the essential m-rep gene. Their precise role in the epidemiology of the nanovirus with which they associate remains unknown. However, based on the results obtained in an experimental infection system, it was suggested that the para-Repencoding DNAs may play a role in modulating the severity of nanovirus-induced disease (Timchenko et al., 2006) . All Rep proteins recognize the origin of replication of viral DNA (ori) and cleave it in a conserved nonamer sequence, which is flanked by inverted repeats (IRs) (Timchenko et al., 1999) . This way, the Rep proteins trigger the initiation of viral positive-strand DNA synthesis, which then continues by rolling-circle replication, very similar to their action in other ssDNA viruses (Laufs et al., 1995; Timchenko et al., 1999) .
Transcripts have only been mapped for BBTV (Beetham et al., 1997 (Beetham et al., , 1999 Herrera-Valencia et al., 2007) . Transcript data for the legume-infecting nanoviruses are absent; only transcription initiation and termination signals on their respective DNAs have been recognized (Boevink et al., 1995; Katul et al., 1997; Sano et al., 1998; Shirasawa-Seo et al., 2005) .
All nanovirus ORFs are preceded by a TATA sequence and are followed by an AATAAA-like polyadenylation [poly(A)] addition signal (Fig. 1) . Three different arrangements of these transcription 'start' and 'stop' signals in the vicinity of the IR sequences at the replication origin can be distinguished. (i) In all non-Rep DNAs, in DNA-R of BBTV and in the para-Rep1-encoding DNAs of FBNYV and MDV, TATA boxes are found 39 of the IR sequences, thus preceding the respective genes. AATAAA-like poly(A) addition signals are located 39 of the genes and 59 of the IR sequences (Fig. 1b). (ii) In all para-Rep-encoding DNAs (except for the para-Rep1-encoding DNAs of FBNYV and of MDV), both of these signals are located 59 of the IRs (Fig. 1c) , with the TATA box 59-preceding the IR sequence by a few nucleotides. (iii) In DNA-R of FBNYV, MDV and SCSV, both the TATA boxes and the poly(A) addition signals are located 39 of the IR sequences (Fig. 1a) . Such an arrangement would lead to the transcription of the IRs and to a potential stem-loop structure in the 39-untranslated region (UTR) of the respective mRNAs. Furthermore, the predicted poly(A) addition signals are located between the TATA box and the ATG codon of the respective m-rep genes, implying the synthesis of a terminally redundant transcript for M-Rep expression.
Such a peculiar arrangement of transcription initiation and termination signals may not exist by chance. To determine whether this signal arrangement is reflected by the termini of the mRNAs, we analysed polyadenylated RNAs synthesized from the DNA-R components of the nanoviruses FBNYV and SCSV, and determined the physical start and stop positions of their m-rep transcripts experimentally. For comparison, RNAs synthesized from DNA-C and para-rep11 DNA of FBNYV served as examples of transcripts derived from genome components with a more 'canonical' arrangement of transcription initiation and termination signals.
METHODS
Nanovirus DNAs. Tandemly repeated copies of DNAs (DNA-C and C11, respectively) from the Egyptian isolate EV1-93 of FBNYV in the binary T-DNA vector pBin19 were used as described previously (Timchenko et al., 1999) . Tandem repeats of FBNYV DNA-R plus DNA-C within the same T-DNA vector were described by Timchenko et al. (2006) . The SCSV (Australian isolate F) DNA-R was described by Timchenko et al. (2000) .
For agroinoculation of Nicotiana benthamiana leaf discs, derivatives of pBin19 carrying the respective nanovirus DNAs were transferred by electroporation into Agrobacterium tumefaciens strain LBA4404 (Hoekema et al., 1983) and used as described previously (Timchenko et al., 1999) . In the case of agrobacteria carrying FBNYV C11 or SCSV DNA-R, a co-inoculation with agrobacteria containing FBNYV DNA-C was performed.
RNA extraction. Total RNA was extracted from either 200 mg frozen tissue of N. benthamiana leaf discs 1 week after agroinoculation or 200 mg fresh non-inoculated N. benthamiana leaves, using an RNeasy Plant Mini kit (Qiagen). Residual amounts of DNA were removed by a RNase-Free DNase set (Qiagen) for on-column DNase I digestion according to the manufacturer's protocol. RNA concentration was determined spectrophotometrically. Northern blotting analysis. Aliquots of total RNA were electrophoresed in 1.8 % formaldehyde/agarose gels, transferred to Hybond-XL membranes (Amersham Biosciences) and stained with methylene blue as described by Sambrook et al. (1989) . Northern hybridization with a 32 P-labelled probe was subsequently carried out in Church's hybridization buffer (Brown et al., 2004) . The probe was a 935 bp fragment of FBNYV DNA-R amplified with the oligonucleotides FBIR2b(2) and C2Nhe-for (see Supplementary Table S1 , available in JGV Online). RNA molecular mass markers (0.16-1.77 kb) were from Invitrogen.
Rapid amplification of cDNA ends (RACE). Rapid amplification of the cDNA ends of the nanovirus mRNAs was carried out by using a FirstChoice RLM-RACE kit (Ambion) following the manufacturer's instructions. Reverse-transcription reactions were carried out at 42 or 50 uC. Oligonucleotides used as primers are listed in Supplementary  Table S1 (available in JGV Online). PCR amplifications were performed in a total volume of 50 ml, containing 50 pmol genespecific primer, 20 pmol either 39-or 59-RACE inner primer, 67 mM Tris/HCl (pH 8.8), 16 mM (NH 4 ) 2 SO 4 , 0.01 % Tween 20, 1.5 mM MgCl 2 , 1 mM each dNTP, 5 units Eurobiotaq II DNA polymerase (Eurobio) and 0.2-1.0 ml reverse-transcription reaction. DNAs obtained after 35 cycles (95 uC, 30 s; 55 uC, 30 s; 72 uC, 90 s) were inserted into pBluescript II KS+ (Stratagene) and their sequences were compared with those of FBNYV DNA-R, DNA-C and C11 and SCSV DNA-R (GenBank accession numbers AJ132180, AJ132179, AJ005968 and AJ290434, respectively).
Synthesis of a full-length cDNA of FBNYV DNA-R transcripts.
Total RNA extracted from leaf discs agroinoculated by the DNA-R construct was treated according to the FirstChoice 59-RLM-RACE protocol (Ambion). RNA ligated to the 59-RACE adaptor was reversetranscribed at 50 uC in the presence of 5 % DMSO and 50 pmol oligonucleotide C2-3cDNA5pb (see Supplementary Table S1 , available in JGV Online). The product of the reverse-transcription reaction (0.5 ml) was amplified by PCR in the presence of 50 pmol C2-5cDNA-Xba primer (see Supplementary Table S1 ) and 50 pmol 39-RACE inner primer. The PCR mixture was cycled 35 times: 95 uC, 30 s; 45-60 uC gradient, 30 s; 72 uC, 90 s. PCR products from six PCRs, in which the annealing temperature varied from 53 to 60 uC, were inserted into pBluescript II KS+.
RESULTS

Identification of nanovirus transcripts in N. benthamiana
It was shown previously that the nanovirus Rep proteins are functional in N. benthamiana and that the M-Rep protein triggers the replication of the genome components when assayed in leaf discs (Timchenko et al., 1999 . We used this leaf-disc replication system to study the transcripts produced from DNA-R of FBNYV and SCSV, as well as those of C11 (para-rep11) and DNA-C of FBNYV.
Total RNA was extracted from agroinoculated N. benthamiana leaf discs as described in Methods. The selective-binding properties of Qiagen's silica gel-based matrix efficiently removed most of the DNA. Potentially remaining trace amounts of (replicative) DNAs were removed by DNase I digestion. Total RNA was reversetranscribed to produce cDNA, which was then amplified by PCR using different primer pairs, with one primer being specific for a given nanovirus DNA each time. Control reactions omitting the reverse-transcription step yielded no products and demonstrated that the RNA preparations were essentially DNA-free and suitable for transcript analyses.
The 59 termini of the respective nanovirus transcripts were determined by RNA ligase-mediated RACE (RLM-RACE), which allows cDNA amplification from capped mRNA only. The presence of the 59-RACE adaptor preceding any viral sequence in the cloned 59-RLM-RACE products led us to conclude that presumably capped 59 ends of the mRNAs were determined. The 39-RACE technique, used for 39-end analyses of the transcripts, led only to amplification of products from polyadenylated RNAs.
The FBNYV DNA-R (m-rep) transcript
The integrity of FBNYV DNA-R transcripts was assessed by Northern blotting. The FBNYV DNA-R-specific probe hybridized only to RNAs extracted from agroinoculated N. benthamiana leaf discs (Fig. 2) . Two major transcripts of approximately 1.1 and 0.8 kb were detected by the DNA-R probe.
The initiation site of the FBNYV DNA-R transcripts was determined by 59-RLM-RACE, using the four gene-specific primers C2-Nhe970-as, C2Nhe352rev, C2Nhe388rev and Rep2Spe(2) (see Supplementary Table S1 , available in JGV Online). In each case, PCR products with expected sizes of approximately 900, 300, 350 and 600 bp were observed upon 1 % agarose gel electrophoresis. They were cloned and 29 individual PCR products were sequenced. By sequence comparison of the cloned cDNAs with FBNYV DNA-R, the 59 ends of the transcripts were mapped ( Fig. 3a ; Supplementary Fig. S1a , available in JGV Online). In 25 cases, the 59 end of the mRNA mapped downstream of the predicted TATA sequence (nt 75-82) and upstream of the ATG codon of the m-rep gene: in 10 cases at adenine 105 and in 15 cases at adenine 109. In four additional cases (all obtained when using primer C2-Nhe970-as), the 59 ends mapped to nt 454, 553 and 860, for which no corresponding TATA sequence was evident.
The 39-end analysis of the FBNYV DNA-R transcript was performed by using the 39-RACE inner primer and three gene-specific primers: C2Nhe-for, C2HIND+ and REP2K187A (see Supplementary Table S1 , available in JGV Online). PCR products with expected sizes of approximately 1000, 300 and 400 bp were obtained and cloned, and 42 inserts were sequenced. The mapped poly(A) sites of the M-Rep mRNA are shown in Fig. 3(a) and Supplementary Fig. S1 (a) (available in JGV Online).
The only canonical AATAAA sequence (Loke et al., 2005; Dong et al., 2007;  and references therein) of FBNYV DNA-R (nt 113-118) is located after the TGA stop codon (position 979) of the m-rep gene (Katul et al., 1997) . In 21 cases (50 %) of the 39-RACE products sequenced, the poly(A) tail of the mRNA was added 14-33 nt downstream of this poly(A) signal (nt 113-118).
Some other AATAAA-like sequences occurring on DNA-R were also found to be used. For instance, in 13 cases, the beginning of the poly(A) tract was mapped downstream of the AATAAT signal at nt 157-162 or the AATGAA signal at position 192-197. Two further AATAAA-like sequences, located closer to the end of the ORF (AATTAA at nt 839-844 and 882-887, respectively), were used rarely, as we found only three transcripts that ended between nt 890 and 915. A few other 39 ends were mapped to positions for which no corresponding AATAAA-like signals were identified (positions 76, 109, 455, 669 and 702).
Thus, in 80 % of cases (34 of 42), the poly(A) signal used was 39 and close to the transcription start. This implies that, initially, transcription bypasses the poly(A) signal, proceeds through the gene and the IR at the origin of replication and terminates after passing the poly(A) signal the second time. The initial bypass of the poly(A) signal did not always occur, as we found, among 34 cloned PCR products, six short ones where polyadenylation had apparently occurred upon the first encounter of the poly(A) signal by the transcription complex. Another five transcripts were 'aberrant', in that they lacked large parts of the m-rep sequence. As no splice-donor or -acceptor sites were found that could account for the sizes of these products, we consider them artefacts of the reversetranscription reaction performed at 42 u C. Indeed, these shorter PCR products were not obtained when reverse transcription was carried out at 50 u C. Consequently, in all other mapping experiments, the reverse-transcription reaction was carried out at 50 u C.
The results of mapping the 59 and 39 termini of the FBNYV DNA-R transcripts imply that the origin of DNA-R replication is transcribed into RNA and that the mRNA encoding the master Rep protein is terminally redundant by 5-161 nt, with a mean length of the terminal redundancy of 28-57 nt.
The SCSV DNA-R (m-rep) transcript
To investigate whether a similar type of terminally redundant transcript also occurred in another distantly related nanovirus, we mapped the DNA-R transcript of SCSV.
The 59 ends of SCSV m-rep transcripts were determined following 59-RLM-RACE PCR using three different genespecific primers: C2HIND32, C2Nhe352rev and Rep2Spe(2) (see Supplementary Table S1 , available in JGV Online). The PCR products had sizes of approximately 750, 300 and 600 bp. Following cloning, 39 cDNAs were sequenced. In 28 cases, transcription was initiated downstream of the predicted DNA-R TATA sequence (nt 70-77) at adenines 100 (seven cases), 104 (15 cases) and 107 (two cases) ( Fig. 3b; Supplementary Fig. S1b , available in JGV Online). In four cases, adenine 112 of the m-rep AUG codon was identified as the 59 end. In 11 cases, the 59 end of the mRNA mapped to positions for which no corresponding TATA box was identified (positions 203, 250 and 352; Fig. 3b; Supplementary Fig. S1b ).
In 39-RACE experiments, the gene-specific primers C2HIND+ and Rep2Spe(+) (Supplementary Table S1 ) were used to determine the 39 ends of the SCSV m-rep transcript. PCR products with expected sizes of approximately 250 and 400 bp were cloned and 32 cDNAs were sequenced. Nearly 50 % of the mRNAs (15 clones) ended 1-40 nt after the AATAAA signal (nt 104-109), the major poly(A) addition site being at nt 127 ( Fig. 3b;  Supplementary Fig. S1b ). In 10 other cases, the poly(A) tail was added further upstream, following the sequence AATATA occurring at nt 68-73; a potential poly(A) signal explains these 39 ends. Six other PCR products were shorter 
The FBNYV C11 (para-rep11) transcript
A 59-RLM-RACE analysis of the FBNYV C11 transcript was performed with oligonucleotide C11EcoRVrev (see Supplementary Table S1 , available in JGV Online) as genespecific primer. The PCR product was approximately 500 bp. Sequence analysis of 24 clones ( Fig. 3c ; Supplementary Fig. S1c ) revealed that the majority of the mRNAs (17 cases) mapped between 24 and 32 nt downstream of the sequence TATATATA located at nt 998-1. Three other transcription initiation sites mapped within the rep11 ORF at nt 117, 127 and 129, corresponding to the TATA sequence TATAAAAC at positions 96-103. If translated, such a transcript could lead only to expression of a polypeptide initiated at an ATG codon at position 231, thus lacking 56 aa at its N terminus. Three other PCR products corresponded to transcription initiation at nt 180, 288 and 298, for which no TATA box was identified.
A 39-RACE analysis of the FBNYV C11 transcript was carried out using oligonucleotide C11EcoRVdir (see Supplementary Table S1 ) as gene-specific primer. The PCR product was approximately 500 bp. Sequence analysis of eight clones mapped the 39 end of the para-rep11 transcript to either guanine 935 (two cases) or adenine 939 (six cases) downstream of the poly(A) signal AATAAA at nt 911-916 ( Fig. 3c; Supplementary Fig. S1c ).
The FBNYV DNA-C (clink) transcript
As a representative example of the major group of nanovirus DNAs with respect to their transcription signals (Fig. 1b) , we mapped the transcript of FBNYV DNA-C encoding Clink. DNA-C was always included in transfection experiments along with the Rep-encoding DNAs to boost their replication (Aronson et al., 2000) . Therefore, each RNA preparation also contained clink mRNA and was used for its mapping.
The initiation site of the clink mRNA was determined by using oligonucleotides C10HINC22 and C10LSRRA as gene-specific primers (Supplementary Table S1 ). The PCR products were approximately 450 and 400 bp. Sequence analysis of 20 cloned cDNAs revealed a major transcription initiation site at adenine 305, downstream of the DNA-C sequence TATAAAAA at nt 273-280 ( Fig. 3d;  Supplementary Fig. S1d ). In one case, the 59 end of the clink mRNA mapped to adenine 307, downstream of the same TATA sequence. Four other plasmids contained inserts that were either longer (three cases) or shorter (one case) than expected. The 59 ends of all of them mapped to positions (204, 209 and 353) for which no corresponding TATA sequences were identified.
A 39-RACE analysis was performed by using C10FboxP-Ldir and C10BAM as gene-specific primers (see Supplementary Table S1 ). PCR products of approximately 550 and 600 bp were cloned and 14 cDNAs were sequenced. In eight cases, the 39 end of the clink transcript mapped 2-38 nt downstream of the poly(A) sequence AATTAA at nt 832-837 ( Fig. 3d; Supplementary Fig. S1d ). In two other cases, the transcripts ended upstream of the clink TGA stop codon (position 821), probably due to occurrence of a potential poly(A) signal (AATAAT) at position 776-781. Four additional 39 ends were mapped to positions 499, 513, 538 and 584, for which no corresponding poly(A) signals were identified.
Synthesis of a full-length cDNA of FBNYV DNA-R transcripts
To confirm that the FBNYV m-rep transcript was indeed terminally redundant and hence longer than its encoding genome component DNA-R, we isolated and sequenced full-length cDNA clones of the m-rep transcript.
Based on the 39-and 59-RACE results ( Fig. 3a ; Supplementary Fig. S1a ), we designed the oligonucleotides C2-3cDNA5pb and C2-5cDNA-Xba (see Supplementary  Table S1 ). The first one was used in a reverse-transcription reaction to synthesize cDNA from the polyadenylated RNA. The second primer (C2-5cDNA-Xba) has 26 nt identical to the m-rep gene and 16 nt identical to the 59-RACE adaptor. Oligonucleotide C2-5cDNA-Xba was used along with the 39-RACE inner primer in a PCR that allowed the amplification of the full-length m-rep cDNA from capped mRNA.
A PCR product with a size of approximately 1.1 kb was obtained and cloned. Three independently derived plasmids were isolated and sequenced. All contained 1157 nt of m-rep cDNA, with a 59 end corresponding to nt 105 and a 39 end at nt 158. They comprised the entire DNA-R (1003 nt) and an additional 54 nt of terminal redundancy. This confirmed the mapping results of the 59 and 39 termini of the m-rep messenger and demonstrated independently that the origin of DNA replication, including the IR sequences, was transcribed into RNA. No deletions indicative of splicing events were observed.
DISCUSSION
TATA sequences and AATAAA-like poly(A) addition signals of the m-rep genes were revealed by inspection of their corresponding DNA-R sequences of the nanoviruses FBNYV, MDV and SCSV (Katul et al., 1997; . The arrangement of these transcription signals on DNA-R of the three viruses differs from that of the DNA-R of BBTV and of all other genomic or para-repencoding DNAs (Fig. 1) : the poly(A) addition signal is located between the TATA box and the coding sequence. If used for transcription initiation and termination, either a very short, polyadenylated RNA not encoding any protein or, as DNA-R is circular, an mRNA longer than DNA-R encoding the M-Rep protein would be synthesized. Such an mRNA would be terminally redundant and include the replication origin sequence in its 39-UTR.
To characterize the nature of the DNA-R transcripts experimentally, we determined the 59 and 39 ends of polyadenylated transcripts from the most distantly related members of the genus Nanovirus, FBNYV and SCSV (Vetten et al., 2005) . Mapping of the transcript ends of DNA-R from FBNYV and SCSV indeed revealed a terminal redundancy ( Fig. 3; Supplementary Fig. S1 , available in JGV Online). In the case of FBNYV, the corresponding transcripts were terminally redundant by 5-161 nt, depending on the respective combination of their 59 and 39 ends. In the case of SCSV DNA-R, the redundancy was up to 49 nt. As MDV DNA-R is 92 % identical in sequence to that of FBNYV and as its transcription initiation and termination signals are at positions equivalent to those of FBNYV, we inferred that similarly redundant transcripts will probably also occur in the case of this legume nanovirus and did not include it in the analyses.
Further, independent evidence for the existence of such terminally redundant mRNAs was the isolation of fulllength cDNAs corresponding to the FBNYV m-rep transcript. These contained the entire m-rep ORF and DNA-R's origin of replication, and were terminally redundant by 54 nt ( Fig. 3a; Supplementary Fig. S1a ). The size of these cDNAs is in agreement with the size of the approximately 1.1 kb RNAs detected by Northern blotting (Fig. 2) . The shorter, approximately 0.8 kb RNAs in the Northern blot might represent truncated, non-polyadenylated transcripts not detected by the oligo(dT) selection. They could be explained by a premature RNA polymerase arrest at the extended secondary structure of the replication origin.
Another peculiar feature of these m-rep transcripts is that, among all predicted nanovirus mRNAs or mapped babuvirus transcripts (Beetham et al., 1997 (Beetham et al., , 1999 Herrera-Valencia et al., 2007) , they have the longest 39-UTR sequences, which also comprise the IR sequences at the origin of replication. As ssDNA, the IR sequences potentially form a stem-loop structure. Transcription of these sequences leads to the presence of the same putative secondary structure in the mRNA's 39-UTR region. Secondary structures predicted by MFOLD using default parameters (Zuker, 2003) of the FBNYV m-rep mRNA including or lacking a tail of 50 adenylate residues at its 39 end (Fig. 4a, b, d ) suggest that this may indeed be the case. The most stable secondary structures generated (Fig. 4a, b,  d ) had a free energy (DG) of 2293.37 kcal mol
21
, and the IR sequences form an extended stem-loop. Comparison of these predictions (Fig. 4a, b, d ) with that for an artificially trimmed transcript without the terminal redundancy of the last 54 nt (Fig. 4c, e ) (DG52279.84 kcal mol 21 ) reveals that the terminal redundancy of the mRNA may play a role in enhancing the stability of the secondary structure assumed by the origin of replication as a part of the transcript. The difference in free energy of 13.53 kcal mol 21 is in the same range as those found between wild-type Kunjin virus and two cyclization-sequence mutants, where free-energy differences of 11.5 or 14.4 kcal mol 21 abolish RNA replication (Khromykh et al., 2001) . When random RNAs of the same length and nucleotide composition as the 1157 nt m-rep mRNA, generated by using DISHUFFLE (http://clavius.bc.edu/~clotelab/RNAdinucleotideShuffle/ dinucleotideShuffle.html) (Altschul & Erickson, 1985) , were folded by using the same parameters, all secondary structures obtained had a higher free energy than the least stable structure of the m-rep mRNA. This may suggest that the formation of a stem-loop in the 39-UTR of the m-rep mRNA is an important feature for the virus cycle. Such an assumption is consistent with predictions indicating that the RNAs for which a secondary structure is functionally important have a lower free energy of folding than random RNAs of the same nucleotide composition (Clote et al., 2005) . As shown in Fig. 4 , only the terminal redundancy of the m-rep transcripts allows the formation of an extended stretch of double-stranded RNA, due to pairing of 59-and 39-terminal sequences. Whether this end pairing alone, or enhanced by binding of a protein, interferes with or stimulates the circularization of mRNA by protein members of the translation complexes (Mazumder et al., 2003; Gebauer & Hentze, 2004) remains open. Either way, it may provide a way to regulate M-Rep expression.
Transcription through the origin of replication of plant ssDNA viruses other than nanoviruses has only been described for two mastreviruses, Digitaria streak virus (Accotto et al., 1989) and wheat dwarf virus (Dekker et al., 1991) , where a minor complementary-sense transcript spanning the origin was found. It was suggested that a stable secondary structure in the 59 leader sequence of the mRNA is inhibitory for the translation of the downstream rep genes. However, the biological significance of such an mRNA species remains to be demonstrated.
The existence of the whole genomic information of nanovirus DNA-R in a terminally redundant form of RNA is also interesting in that it resembles the replicative intermediate or pregenomic RNA of retro-and pararetroviruses. Most striking is the similarity to the plant and vertebrate pararetroviruses of the families Caulimoviridae (Hull et al., 2005) and Hepadnaviridae (Mason et al., 2005) . Members of both families employ terminally redundant RNAs as replicative intermediates, but also as mRNAs (Pfeiffer & Hohn, 1983; Loeb et al., 2002) . Whilst retroand pararetroviruses use reverse transcription of their pregenomic RNA and require its terminal redundancy for the template switch by reverse transcriptase to occur (Seeger & Mason, 2000; Wilhelm & Wilhelm, 2001) , no comparable activity has been described for the nanoviruses. Hence, the precise role of the terminal redundancy of nanovirus m-rep mRNA remains to be determined.
In most retro-and pararetroviruses, the generation of a terminally redundant RNA must be regulated, as the same AATAAA poly(A) signal occurs twice on the mRNA, once at the 59 end and once at the 39 end. Several mechanisms have been proposed to account for the bypass of the poly(A) signal by RNA polymerase at the first time of encounter and its recognition at the second time (reviewed by Rothnie et al., 1994) . In FBNYV and SCSV, the AATAAA sequence is located in very close proximity to the majority of the mapped 59 ends of the mRNA. This and the fact that plant poly(A) signals have a modular architecture (Loke et al., 2005; Dong et al., 2007 ; and references therein) may strongly facilitate an initial bypass, as the complete poly(A) signal is not yet present in the 59 part of the transcript. Only upon transcription of the entire DNA-R do the upstream elements of a modular poly(A) signal become physically present in the 39 part of the same RNA.
In FBNYV DNA-R, two other AATAAA-like signals are located near the 59 end of the mRNA ( Fig. 3a ; Supplementary Fig. S1a , available in JGV Online) and are used, but are not always bypassed, as a few short-stop mRNAs were detected by the 39-end mapping experiments. Comparable 'short-stop' transcripts were found in cauliflower mosaic virus-infected plants, and the ratio of shortstop RNA to full-length RNA was found to be higher in resistant than in susceptible host plants (Sanfacon & Wieczorek, 1992) .
By analogy with lentiviruses, for which an RNA secondary structure has been suggested to play a role in poly(A) site selection, the potential stem-loop structure formed by the IR sequences of the nanovirus m-rep mRNA may be a TAR analogue. In human immunodeficiency virus type 1 (Gilmartin et al., 1992) or equine infectious anemia virus (Graveley & Gilmartin, 1996) , such an element has been shown to act by juxtaposing the poly(A) site and an upstream enhancer of 39 processing. Indeed, U-or GU-rich sequences characteristic of the far-upstream elements of plant poly(A) signals are found within the 39 part of the m-rep gene and can be brought closer to the AAUAAA sequence by the formation of an extended stem-loop structure including the origin of replication.
Stem-loop structures in the 39-UTRs are often found in the transcripts of various other mRNAs of viral or non-viral origin. They have been shown to be involved in translational control or mRNA stability via interactions with RNA-binding proteins (Casey et al., 1989; Ross, 1995; Mazumder et al., 2005) . In nanoviruses, M-Rep expression may be regulated via transcript stability, and the secondary structure in the 39-UTR might be implicated in such a regulation. In this context, it should be noted that, in geminiviruses, expression of the Rep proteins is regulated negatively by Rep binding to short, direct repeat sequences in its promoter region (Sunter et al., 1993; Eagle et al., 1994) . However, no directly equivalent sequence elements have been described for the legume nanoviruses. Yet, also for nanovirus multiplication, a feedback-regulated expression of their master Rep proteins is easily conceivable, and the formation of an extended secondary structure in the 39 part of their encoding mRNAs may serve that purpose. Given that the three-dimensional structures of Rep protein domains of examples of the geminiviruses (tomato yellow leaf curl Sardinia virus), the circoviruses (porcine circovirus type 2) and the nanoviruses (FBNYV) reveal a striking similarity to the RRM domains of RNA-binding proteins (Campos-Olivas et al., 2002; Vega-Rocha et al., 2007a, b) , potential binding of the FBNYV M-Rep protein to (folded structures of) its coding mRNA in order to negatively regulate its own expression emerges as an attractive hypothesis. 
